c Natural heterogeneity in the structure of the lipid A portion of lipopolysaccharide (LPS) produces differential effects on the innate immune response. Gram-negative bacterial species produce LPS structures that differ from the classic endotoxic LPS structures. These differences include hypoacylation and hypophosphorylation of the diglucosamine backbone, both differences known to decrease LPS toxicity. The effect of decreased toxicity on the adjuvant properties of many of these LPS structures has not been fully explored. Here we demonstrate that two naturally produced forms of monophosphorylated LPS, from the mucosa-associated bacteria Bacteroides thetaiotaomicron and Prevotella intermedia, function as immunological adjuvants for antigen-specific immune responses. Each form of mucosal LPS increased vaccination-initiated antigen-specific antibody titers in both quantity and quality when given simultaneously with vaccine antigen preparations. Interestingly, adjuvant effects on initial T cell clonal expansion were selective for CD4 T cells. No significant increase in CD8 T cell expansion was detected. MyD88/Tolllike receptor 4 (TLR4) and TRIF/TLR4 signaling pathways showed equally decreased signaling with the LPS forms studied here as with endotoxic LPS or detoxified monophosphorylated lipid A (MPLA). Natural monophosphorylated LPS from mucosa-associated bacteria functions as a weak but effective adjuvant for specific immune responses, with preferential effects on antibody and CD4 T cell responses over CD8 T cell responses.
L
ipopolysaccharide (LPS), also known as endotoxin, is a common term used for the major cell wall constituent of Gramnegative bacteria, which differs in composition depending on the bacterial species in which it is formed. For decades, endotoxic forms of LPS have been studied as natural adjuvants for specific immune responses, especially antigen (Ag)-specific antibody and T cell responses (1) (2) (3) . The toxicity associated with LPS structures has precluded their use as effective and safe vaccine adjuvants. However, the discovery and characterization of monophosphorylated lipid A (MPLA), a chemically degraded structure from Salmonella enterica serovar Minnesota Re595 LPS, have yielded a preparation that is less toxic than its parent LPS molecule but similarly immunostimulatory. Therefore, MPLA works well as a safe and effective vaccine adjuvant. Lipid A structural features known to account for the maintenance of adjuvant properties and the loss of toxicity include the number of phosphate groups, as well as the number, type, and location of fatty acid residues (4) (5) (6) . Although the most abundant structure in the S. Minnesota MPLA used in these studies is a hexa-acylated structure (Fig. 1) , the preparation also contains a mixture of underacylated lipid A structures, including penta-, tetra-, and triacylated forms known to be less potent, less toxic, or less antagonistic of TLR4 signaling than the parent LPS molecule (7, 8) . Further, the absence of a single phosphate residue from the synthetic form of Escherichia coli lipid A is enough to decrease the production of proinflammatory factors, with little effect on many other products associated with adaptive immunity, including type I interferon (IFN) and IFNinducible products (9) (10) (11) . Although MPLA is a partially degraded form of an endotoxic LPS produced after chemical extraction (12) , low-toxicity forms of LPS (LT-LPS) are produced naturally as cell wall constituents of bacterial species colonizing various mucosal linings, including the oral and intestinal cavities (13) (14) (15) . These LPS forms are structurally similar to MPLA (Fig. 1) . The LPS structures from Porphyromonas, Bacteroides, and Prevotella species are naturally monophosphorylated but penta-acylated, whereas MPLA is primarily hexa-acylated (16) (17) (18) . Like MPLA, LPS obtained from these bacterial species is less toxic than E. coli LPS (17, 19) . The published Bacteroides fragilis LPS structure has been shown to be at least 1,000-fold less toxic than E. coli LPS in vivo after D-galactosamine priming (20) . The striking differences in toxicity in response to the various Gram-negative species LPS forms has led Munford to propose that the structural features of LPS act as guides enabling the host Toll-like receptor 4 (TLR4)/ MD2 receptor system to distinguish the low-toxicity commensal Gram-negative bacteria from the more highly pathogenic members of the family Enterobacteriaceae (21) .
Possible mechanisms that may account for the reduced toxicity of these LPS forms include (i) decreased affinity for the TLR4/ MD2 receptor, (ii) differential ability to associate at the initial steps of TLR4 engagement, from lipoprotein binding protein (LBP) and CD14 to MD2 and TLR4 binding (22) (23) (24) , and (iii) differential or preferential signaling through one or both signaling adaptor proteins associated with TLR4: MyD88 or TRIF. Coats et al. have demonstrated that the penta-acylated Porphyromonas gingivalis LPS (Pg 1690) structure is monophosphorylated on the 4= carbon of the diglucosamine head group and has intermediate TLR4/MD2-stimulatory effects through NF-B (6). Furthermore, this preparation functions as a weak TLR4 agonist in vitro, and that weak agonism of TLR4 activates a subset of the genes activated by endotoxic E. coli LPS, suggesting a hierarchy of transcriptional activation through TLR4 agonism based on the strength of the signal (18) . Interestingly, the specific set of genes activated after partial or weak TLR4/MD2 agonism with P. gingivalis LPS in vitro was focused on cellular immune responses, with the majority of the genes associated with either immune cell adhesion or cell trafficking (18) . Similarly, MPLA-stimulated cells have demonstrated a bias toward utilizing the TLR4 signaling adaptor protein TRIF, as opposed to MyD88, in eliciting cellular responses (25) , which could help explain the retention of immune-stimulatory activities even when toxic activities are markedly decreased (26) (27) (28) .
Bacteroides thetaiotaomicron and Prevotella intermedia are two mucosa-associated Gram-negative species that produce predominately low-toxicity forms of LPS identical or similar to the published LT-LPS produced by B. fragilis (16) (17) (18) 20) . In this report, LPS forms obtained from these bacteria were examined for adjuvant properties in vivo. S. Minnesota LPS (SmLPS) and S. Minnesota MPLA (SmMPLA) were used as benchmark TLR4 adjuvants for comparison to the adjuvant effects elicited by LPS from B. thetaiotaomicron (BtLPS) or P. intermedia (PiLPS). Adjuvant effects on the antigen-specific antibody response and the initial T cell clonal expansion were assessed. Each preparation tested influenced the expression of antigen-specific IgG subtypes, both the amount and the kinetics of the antigen-specific antibody response. Additionally, these LPS preparations led to preferential antigen-specific clonal expansion of CD4 T cells but had no effect on CD8 T cell antigen-specific expansion. Together, these results indicate that BtLPS and PiLPS structures function in vivo as immunological adjuvants; however, their effects are smaller and less broad than that of endotoxic SmLPS or its related SmMPLA form.
preparations subcutaneously in the flanks. Second (at 4 weeks) and third (at 16 weeks) immunizations were the same for each group, except that 10 g egg white albumin was used as the antigen. Serum samples were obtained at 3 weeks for primary immunization and then 4 days after subsequent immunizations. All serum samples were stored at Ϫ80°C until enzyme-linked immunosorbent assays (ELISA) were performed to determine the titers of antigen-specific antibody present. No animal exhibited signs of endotoxemia during these experiments. The amounts used (1.5 to 10 g SmLPS or 5 to 20 g SmMPLA, BtLPS, or PiLPS) are much lower than those used to study the toxic effects of LPS (typically 50 to 200 g).
Antigen-specific antibody titers determined by ELISA. An antigen specific to the immunization protocol (rHBsAg, iPR8, or egg white albumin) was adhered to Immulon 2 ELISA plates. Wells were blocked overnight at 4°C using 2% bovine serum albumin (BSA)-PBS. Replicate plates were used; serial 10-fold dilutions of the serum samples were made; and 100 l of each dilution was incubated on the Ag-coated plates. Horseradish peroxidase-conjugated goat anti-mouse IgM, total IgG, IgG1, IgG2c (or IgG2a), and IgG2b secondary antibodies (Jackson ImmunoResearch) were used to detect specific isotypes. Titers are expressed as the inverse of the dilution required to reach the half-maximum value of the absorbance curve, as determined by SoftMax Pro software.
BM-DC derivation, culture and qRT-PCR. Bone marrow-derived dendritic cells (BM-DC) were prepared according to the protocol of Lutz et al. (34) . Bone marrow cells were collected from femurs and tibiae of C57BL/6 mice, and 2 ϫ 10 6 cells were placed in bacteriological culture plates for 10 days in a complete medium, RPMI 1640 containing 10% heat-inactivated fetal bovine serum (Valley Biomedical), 2 mM L-glutamine, 1 mM sodium pyruvate, 50 U/ml penicillin, 50 g/ml streptomycin, 50 m 2-mercaptoethanol, and 5 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems). Cultures were given new medium and GM-CSF on days 3, 6, and 8. Nonadherent cells were collected on day 10 and were verified by flow cytometry to be 90 to 95% CD11c ϩ CD11b ϩ MHCII ϩ Gr1 Ϫ before use in experiments. For quantitative real-time PCR (qRT-PCR) analysis, 1 ϫ 10 6 BM-DC were rested for 2 h in 24-well polystyrene tissue culture plates (BD Biosciences) in complete medium. The cells were then activated with increasing concentrations of the test adjuvant preparations. After 2 h, total RNA was isolated using an RNeasy Plus minikit (Qiagen), and 0.5 g total RNA was used to make cDNA by using qScript cDNA synthesis kits (Quanta) according to the manufacturer's protocol. cDNA was diluted 2-fold and was then amplified with 0.5 M target (endothelin1, Ifit1, ip10, or il10) or control (gapdh) QuantiTect primer assays from Qiagen. qRT-PCR was performed on a CFX96 real-time system C1000 thermal cycler (Bio-Rad) with Power SYBR green master mix (Applied Biosystems). Relative mRNA abundance was calculated by the comparative cycle method (⌬⌬C T ) using vehicle control (DMSO)-treated cells for normalization.
Primary human monocyte culture. Deidentified human peripheral blood mononuclear cells (PBMC) from individual healthy donors were obtained as a waste product of polymorphonuclear leukocyte (PMN) isolation from another group at the University of Louisville School of Medicine. PBMC monocytes were enriched by plating 2 ϫ 10 6 cells per well in 24-well tissue culture plates for 2 h in 0.5 ml complete medium. Adherent cells were enriched by washing away the nonadherent cells with three washes consisting of 1ϫ Hanks balanced salt solution (HBSS; Life Technologies). The resulting cells were then rested for an additional 2 h before being activated by increasing concentrations of adjuvant preparations. RNA isolation and qRT-PCR were performed, and the results were analyzed as described above for mouse BM-DC. PCRs used undiluted cDNA with 0.5 M target (human IL-6, endothelin1, or IFIT1) or control (human GAPDH) QuantiTect primer assays.
Statistical analysis. Statistical analysis was performed using Prism software, version 5.0 (GraphPad). A two-way analysis of variance (ANOVA) with a Bonferroni post hoc analysis was used to compare the serum antibody titers in vivo. One-way ANOVA and Newman-Keuls post hoc analysis were used to compare the mean values for adjuvant-dependent T cell clonal expansion.
RESULTS

Naturally occurring LT-LPS preparations promote a balanced isotype profile after vaccination. The abilities of the BtLPS and
PiLPS forms to function as immunological adjuvants were assessed with three separate immunization antigens. Because a preliminary study detected no antigen-specific antibody when SmLPS or SmMPLA was used as the adjuvant for soluble egg white albumin given subcutaneously, each of the antigens chosen was given along with a known adjuvant to ensure that an antibody response would be mounted in the time allotted (data not shown). The antigens were (i) a commercially available hepatitis B virus (HBV) vaccine, which contains aluminum hydroxide, (ii) formalin-inactivated PR8 (iPR8) influenza virus particles, which have endogenous TLR7 agonist RNA, and (iii) egg white albumin emulsified in incomplete Freund's adjuvant. The doses of antigen and adjuvants used in each protocol were chosen to optimize the adjuvant effects. Previous studies had also determined that 2-to 3-fold more SmMPLA than SmLPS is needed to elicit similar levels of peak T cell clonal expansion in different groups of mice (26) , and the LT-LPS amounts used were matched to that of SmMPLA. Because stock LT-LPS preparations were suspended in DMSO, enough DMSO was added to each vaccine preparation to control for the DMSO present in the LT-LPS-adjuvanted vaccine preparations.
An alum-containing HBV vaccine supplemented with the natural LT-LPS preparations was given subcutaneously to groups of C57BL/6 mice. DMSO alone was added for the baseline control group, while SmLPS or SmMPLA was added for positive-control TLR4 agonist groups. Titers of antigen-specific antibodies in serum were used to monitor the developing immune responses after immunization. Adjuvant responses would be indicated if either BtLPS or PiLPS was able to change or supplement the alum-directed Th2-like antibody response (inducing IgG1) with a Th1-like response (inducing IgG2c or IgG2b). All HBV vaccine-treated C57BL/6 mice mounted similar IgM responses to HBsAg ( Fig.  2A) . However, higher total-IgG titers than those for the vehicle control group were observed after the first immunization for all LPS-treated groups (Fig. 2A) ; therefore, increased isotype switching occurred in each of the LPS-treated groups. As expected, the titers of the IgG1 subtype ( Fig. 2A) were significantly increased after both primary and boost immunizations with only alum, and there was no difference from alum when any of the LPS forms was added (35, 36) . The control immunization group had increased IgG2b titers after the boost immunization, whereas IgG2c titers remained low throughout. The IgG2b responses were nearly identical in all the groups with LPS as an adjuvant. Although no increase in the complement-fixing IgG2c subclass was evident with any of the groups after the primary immunization, each of the LPS-treated groups had high titers after the boost immunization, which is typical after a sufficient immune response is mounted. vaccine in the absence (ϩDMSO) or presence (3 g SmLPS, 10 g SmMPLA, 10 g BtLPS, or 10 g PiLPS) of LPS preparations on day zero, followed by a boost immunization 5 weeks after the primary immunization. Serum was sampled before and after each of the immunizations, and the titers of HBsAg-specific IgM, total IgG, IgG1, IgG2c, and IgG2b were determined by ELISA by limiting dilution. Arrowheads indicate times of vaccination. (B) Antigen-specific IgG2a titers after the third immunization with egg white albumin emulsified in incomplete Freund's adjuvant with either a vehicle control (ϩDMSO) or one of the adjuvant preparations. (C) Antigen-specific IgG2b titers after the second immunization with iPR8 influenza virus particles and either a vehicle control (ϩDMSO) or one of the adjuvant preparations. Results are expressed as means Ϯ standard errors of the means of the antibody titer, calculated as the inverse of the dilution factor (df) needed to give the half-maximum value (max 1/2 ) of the absorbance curve after 10-fold serial dilutions. Asterisks indicate significant differences from the DMSO control group at a 95% (P Ͻ 0.05) confidence level, as determined using two-way ANOVA and Bonferroni post hoc analysis.
Both BtLPS and PiLPS increased IgG2c titers after this immunization, but titers for the BtLPS-treated group were lower than those for the SmLPS-treated group. No such difference was noted between the PiLPS-and SmLPS-treated groups. Both the BtLPS and PiLPS groups exhibited IgG2b titers significantly higher than that of the control vaccine group and not significantly lower than those elicited by SmLPS or SmMPLA after both the primary and boost immunizations. The increase in the breadth of the IgG subtypes after the inclusion of either BtLPS or PiLPS in these immunizations indicates immune adjuvant activity in these preparations.
The antibody responses in the two other immunization protocols also demonstrated the adjuvant activity of the LT-LPS preparations (see Tables S1 to S5 in the supplemental material). In the first protocol, BALB/c mice were given three subcutaneous immunizations of egg white albumin in incomplete Freund's adjuvant. The results from this protocol were initially hampered by relatively higher titers of antigen-specific antibodies, especially IgM and IgG2b isotypes, in the preimmunization serum samples (data not shown), possibly caused by environmental exposure to ovalbumin in feed or bedding. A similar polyclonal antiovalbumin response was seen in unimmunized BALB/c mice infected with Leishmania infantum (37) . After the third immunization, each LPS preparation tested increased the titers of the complement-fixing, Th1-associated isotype IgG2a in most vaccinated mice (Fig. 2B ). The BtLPS group had several low responders (titer, Յ200), which increased the variability observed, thus making the difference between the vehicle control and BtLPS groups insignificant (Fig. 2B) .
Subcutaneous immunization of C57BL/6 mice with iPR8 virus particles and the LPS preparations elicited increased titers in all immunized groups, including the DMSO control group (see Tables S6 to S10 in the supplemental material). Following the second immunization, minor differences in titers of the transforming growth factor ␤ (TGF-␤)-associated isotype IgG2b were detected between the control group and the groups treated with SmLPS, BtLPS, or PiLPS, but not SmMPLA (Fig. 2C) . However, the subsequent immunization increased all isotype titers and eliminated the differences between the DMSO control and LPS-treated groups (data not shown).
Together, the results from these three immunization protocols clearly demonstrate adjuvant activity for BtLPS and PiLPS, meaning that the inclusion of either preparation leads to increased titers and/or a more diverse repertoire of antibodies to various T celldependent antigens, therefore indirectly providing evidence for effects on T cell responses.
Natural LT-LPS preparations from B. thetaiotaomicron and P. intermedia serve as adjuvants for the initial clonal expansion of CD4 ؉ T cells in vivo. Adjuvant signals are required for productive or sustained clonal expansion of naïve CD4 or CD8 T cells in response to purified antigen in vivo (1, 38) . LPS is a natural adjuvant that increases the number of cell divisions and the rate of cell survival during and after T cell activation and clonal expansion (1, 39, 40) . SmMPLA also acts effectively as an adjuvant for initial T cell clonal expansion in vivo, which we and others have shown is dependent on the TLR4 signaling adaptor TRIF (25, 26) . Using a standard adoptive-transfer model of ovalbumin-specific T cell receptor (TCR) transgenic (Tg) CD8 and CD4 T cells (OTI.SJL and OTII.SJL cells, respectively), we assessed the effects of LT-LPS on initial T cell clonal expansion compared to the effects elicited with SmLPS and SmMPLA. After adoptive transfer of OTI (CD45.1) and OTII (CD45.1) Tg-TCR cells (1 ϫ 10 5 and 1.5 ϫ 10 5 , respectively), C57BL/6 (CD45.2) recipients were treated with antigenic peptides mixed with either a vehicle control or one of the LPS forms as an adjuvant through intravenous injection. The fold increases in OTI and OTII cell accumulation in the spleen or perfused lung tissue at peak clonal expansion for mice treated with an adjuvant over the levels for controls given only the peptide antigens with DMSO were calculated. As shown in Fig. 3 , each of the preparations tested increased the number of splenic antigen-specific T cells; therefore, each of the LT-LPS preparations was able to serve as an adjuvant for initial T cell clonal expansion. BtLPS treatment increased the level of CD4 T cells (OTII) to approximately one-half or one-third of the response seen with SmLPS or SmMPLA, respectively. PiLPS increased the CD4 clonal expansion to a level similar to that for SmLPS. The adjuvant effects of the LT-LPS preparations on CD8 T cell numbers were markedly lower than that for SmLPS or SmMPLA. BtLPS increased the number of CD8 T cells in the spleen 3-fold over that with the antigen alone, while the PiLPS increase was near 4-fold.
Because adjuvant signals are needed for activated T cells to migrate to nonlymphoid sites after activation (41, 42) , the number of activated T cells in the lungs is an indicator of TLR-dependent adjuvant effects in vivo. Adjuvant-specific increases in the numbers of CD4 T cells in the lungs were markedly greater than those with the antigen alone (averages, 16.9-fold Ϯ 3.2-fold for BtLPS and 12.2-fold Ϯ 3.5-fold for PiLPS), though less than those observed with SmLPS or SmMPLA. However, the increases in the numbers of OTI CD8 T cells in the lung were only marginal for recipients of either LT-LPS preparation and did not reach significance. The numbers of CD8 T cells in the lungs, and the fold increases in these numbers, for groups receiving SmLPS or SmMPLA as an adjuvant increased significantly, but the fold increases were lower than those observed for CD4 T cells.
Natural LT-LPS preparations are equally ineffective at inducing factors associated with MyD88-dependent or TRIF-dependent TLR4 signaling. Previous studies have demonstrated that SmMPLA functions as a TRIF-biased agonist of TLR4 in vivo (25) . The TRIF-biased terminology stems from the observations that TLR4/MyD88-dependent signaling outcomes after SmMPLA stimulation were diminished from those obtained with SmLPS. Although effects were indicated on both TLR4 signaling branches, the TRIF-dependent outcomes were less severely diminished than the MyD88-dependent outcomes (9, 25) . Moreover, it was found that CD8 T cell expansion was more dependent on TLR4/TRIF signaling than was CD4 T cell expansion (25) . Therefore, we assessed the abilities of BtLPS and PiLPS to induce MyD88-dependent and TRIF-dependent transcripts in BM-DC. As shown in Fig.  4 , transcript levels for two MyD88-dependent factors, endothelin-1 and interleukin 10 (IL-10), were increased in a dose-dependent manner for all monophosphorylated preparations, whereas the SmLPS MyD88-dependent responses had already reached their peak at the lowest dose tested (10 ng/ml). The SmMPLA, BtLPS, and PiLPS preparations each required more agonist to reach the maximal induction seen with the lowest dose of SmLPS, and their curves are comparable to each other until they reach the 10,000-ng/ml dose, where the SmMPLA response is lower than the BtLPS or PiLPS response. Transcript levels for the TRIF-dependent factors, IFIT1 (interferon-induced protein with tetratricopeptide repeats 1) and IP-10 (gamma interferon-inducible protein 10), were similar for SmLPS and SmMPLA, except, again, at the lowest concentration used (10 ng/ml), where SmLPS had maximally increased each transcript, while SmMPLA required 100 ng/ml to reach maximal induction of IFIT1 transcript levels. The natural B. thetaiotaomicron and P. intermedia LT-LPS preparations also increased these TRIF-dependent transcripts in a dosedependent manner, but even more than either SmLPS or SmMPLA was required for maximal increases (occurring at 1,000 ng/ml). In contrast with the results for the MyD88 products, the maximal induction obtained with either LT-LPS form was lower than that obtained with SmLPS or SmMPLA (Fig. 4) . Hence, BtLPS and PiLPS have similarly low increases in the mRNA levels of MyD88-dependent and TRIF-dependent factors, and as such, TRIF-biased signaling effects were not observed with these TLR4 agonists.
Species differences in TLR4 sensitivity to various LPS structures are well characterized (43) . Several forms of LPS that act as antagonists on human TLR4/MD2 are partial or weak agonists for mouse TLR4/MD2. Also, human TLR4 responds to lower concentrations of LPS than mouse TLR4 (44) . We therefore assessed the transcriptional induction of some TLR4 response factors using LT-LPS preparations on an enriched population of primary human monocytes. As expected, the minimal dose of SmLPS (0.01 ng/ml) increased the numbers of transcripts of proinflammatory factors IL-6 and endothelin-1, a response quite different from that induced by SmMPLA. Levels of induction with the LT-LPS preparations fell between the levels with these benchmark TLR4 agonists. Although the PiLPS dose curves for both IL-6 and endothelin-1 mRNA were similar to the SmLPS curve (Fig. 5) , the BtLPS dose curve was similar to the SmLPS curve only for IL-6. The endothelin-1 mRNA response to BtLPS required more agonist to reach the maximum and was similar to the SmMPLA response but achieved higher maximum induction (Fig. 5) . The LT-LPS induction curves for the TRIF-associated product IFIT1 were intermediate between the highly induced levels with SmLPS and the
FIG 4 LT-LPS preparations have lower relative effects than SmLPS or
SmMPLA through TLR4/MD2 on either the MyD88-or the TRIF-dependent branch. BM-DC were treated with increasing concentrations of the LPS preparations for 2 h. qRT-PCR was performed to detect fold increases in steadystate levels of the MyD88-dependent endothelin-1 and IL-10 transcripts or the TRIF-dependent IFIT1 and IP-10 transcripts. Results are expressed as means Ϯ standard errors of the means for triplicate determinations from one of two independent experiments. poorly induced levels with SmMPLA, which barely increased more than 2-fold at higher doses (1,000 ng/ml). PiLPS required more agonist and reached a lower maximal induction of IFIT1 mRNA than either SmLPS or BtLPS. However, BtLPS increased IFIT1 mRNA expression in human monocytes to a maximum similar to that with SmLPS but required more agonist to do so (Fig. 5) .
DISCUSSION
Although previous reports have routinely suggested that naturally occurring LT-LPS structures may represent a new class of immunologic adjuvants, to our knowledge these studies represent the first test of their ability to function as such in vivo, increasing antigen-specific immune responses. The results presented here suggest that the TLR4 responses to these and other LT-LPS forms may indeed be a means to fine-tune the innate immune response so as to elicit the most desired immune effector functions against any number of microbial infectious agents.
The LPS forms tested were obtained from the mutualistic gut bacterium B. thetaiotaomicron and the oral and systemic pathogenic bacterium P. intermedia. Structurally, these forms are very similar to one another and to the B. fragilis LPS, previously determined to be of low toxicity (20) . However, they differ from the S. Minnesota LPS and MPLA forms at key areas known to influence TLR4 activation, mainly in the length and number of acyl chains (Fig. 1) . Although previous structure/function studies suggest that these penta-acyl LT-LPS forms should have decreased TLR4/MD2 signaling, the extra length in the acyl chains may help offset the loss of the sixth fatty acid chain within the MD2 hydrophobic pocket and allow activating interactions between these LPS forms and TLR4 (6) . Each of the LT-LPS forms activated human MyD88-and TRIF-associated transcripts in primary human monocytes (Fig. 5) , indicating agonistic signaling through human TLR4/MD2. When we included these LT-LPS forms as adjuvants for mice vaccinated with the alum-containing HBV vaccine, both BtLPS and PiLPS increased the titers and broadened the IgG subtypes produced during the antigen-specific antibody response. The broadened antibody response caused by the LPS forms therefore increased potential effector functions mediated by the induced HBsAg-specific antibodies. The effects on the antibody response were comparable to those obtained with SmMPLA, with no effects on the IgG1 titers (45) (46) (47) . The development of IgG2b was observed regardless of the nature of the LPS form used. Therefore, naturally produced LT-LPS preparations were nearly as effective as SmMPLA at increasing the IgG differentiated class switching within the antigen-specific B cell population. Changes in the amount and the quality of the antibody repertoire are wellcharacterized indicators of differentiated CD4 T cell responses, because isotype switching requires help from CD4 T cells through cytokine production and cell surface interactions (46, 47) . The demonstrated increase in CD4 T cell clonal expansion in the OTII/ OTI adoptive-transfer model is consistent with inferred adjuvant activity on CD4 T cells.
Increases in early T cell clonal expansion after antigen stimulation were also noted using LT-LPS forms as the only adjuvant compounds present. The adjuvant-dependent increase was more evident in antigen-specific CD4 T cells than in CD8 T cells. The ability of activated T cells to migrate from the spleen and/or lymph nodes to extralymphoid organs, an effect that is strongly correlated with adjuvant treatment and increased T cell memory (42, 48) , was measured using the LT-LPS forms during activation. Because the antigen remains in the lung after intravenous administration, the lung is an ideal extralymphoid site for this assay. The adjuvant-dependent increases in the numbers of CD4 (OTII) T cells in both the spleen and the lung were lower with the LT-LPS preparations than with either SmLPS or SmMPLA, but the effects were similar with the BtLPS and PiLPS treatments. Although the LT-LPS exerted a moderate adjuvant effect on CD4 (OTII) T cells, only a small adjuvant-dependent increase was noted for the CD8 T cells (OTI cells) in the same recipients. In fact, there was no increase in the number of lung CD8 T cells with either LT-LPS form over that for recipients given antigenic peptides alone. The observation of differing effects on CD4 T cells and CD8 T cells is reminiscent of previous results with this adoptive-transfer model, where TRIF-deficient recipients did not support TLR4 adjuvantdependent expansion of CD8 OTI T cells, while CD4 OTII cells were only partially affected (25) . That CD8 T cell expansion is more dependent on the set of signals provided through the TLR4/ TRIF-dependent pathway than CD4 T cell expansion is supported by other studies demonstrating greater dependence of CD8 T cells than CD4 T cells on TLR4/TRIF signaling, and the associated production of type I IFN, for expansion and survival (49) (50) (51) .
The selective deficit in CD8 T cell expansion with the LT-LPS could suggest poorer utilization of the TRIF signaling branch from TLR4, compared to that for classically defined TLR4/MD2 agonists. Decreased LPS activation of NF-B in BtLPS-treated HEK293 cells expressing human TLR4/MD2 has been reported previously (6) . Here we showed that BtLPS and PiLPS each increased the number of MyD88-dependent and TRIF-dependent transcripts in mouse BM-DC in a dose-dependent manner; however, the responses from both signaling branches required at least 10-to 100-fold more agonist to reach maximal induction than in the case of SmLPS. The decrease in potency for MyD88-dependent products with BtLPS or PiLPS was comparable to that obtained with SmMPLA. These differences in TLR4/MD2 potency and efficacy (Fig. 4) may help explain the decreased in vivo adjuvant effects, especially on the CD8 T cells. Many studies have shown that TRIF-dependent factors are required for increased CD8 T cell survival after activation, in addition to increased proliferation during the initial antigen encounter (25, 38, 49, 50) . We have recently reported that TRIF-dependent production of type I IFN and the subsequent type I IFN-dependent increase in the number of costimulatory molecules on certain subsets of dendritic cells in vivo play key roles in CD8 T cell expansion, while CD4 T cells are not as responsive to type I IFN-dependent effects (51) . Although deficits in CD8 expansion could be related to differences in antigen processing, the use of antigenic peptides in this study decreases the dependence of the CD8 T cell response on processing. Also, each of the adjuvant molecules utilizes the same receptor system, TLR4/MD2. Accordingly, any difference in peptide loading into major histocompatibility complex (MHC) class I molecules would reflect partial agonism of TLR4, and the diminished effects are still appropriately attributed to partial receptor agonism by the LT-LPS forms.
In summary, two naturally produced LT-LPS structures increased the scope of antigen-specific antibody responses to vaccine antigens and increased initial T cell clonal expansion. These LT-LPS preparations induced responses comparable to one another, and the antibody responses were similar to those induced with SmLPS and SmMPLA. The responses evoked indicate that these molecules truly act as immunological adjuvants for specific humoral immunity, with increased antibody titers and a broadened IgG subtype repertoire, but are likely unable to serve as adjuvants for cellular or cytotoxic T lymphocyte (CTL)-dependent responses, because they did not significantly increase initial CD8 T cell clonal expansion. The ability to induce such a characteristic response makes these LT-LPS forms particularly well suited to be adjuvants for chronic infectious agents, especially for intracellular parasites or bacteria, where Th1-like responses with various levels of dependence on complement-fixing antibody are required for clearance and protection, and where CD8 T cells can be pathogenic (52) (53) (54) (55) (56) (57) . Whether these adaptive immune patterns will hold true for LT-LPS from other organisms or for other weak or partial TLR4/MD2 agonists is undetermined. It is likely that the responses will depend on the abilities of individual structures of LT-LPS to induce the expression of important subsets of genes in the human TLR4/MD2 system (18) .
